The properties of aluminum alloy AA6061-T6 after aging at 220°C for 0.5 -8 h are studied by the methods of light and scanning electron microscopy and fractography. The mechanical characteristics of the alloy are determined by tensile tests.
INTRODUCTION
Alloys of the system Al -Mg -Si -(Cu) account for roughly 90% of the aluminum alloys used in industry in the cast and wrought state thanks to their combination of low unit weight, high strength, and good corrosion resistance [1, 2] . Alloy AA6061 (AlMg1SiCu) is a multi-purpose material among this class of alloys; it is used in construction, shipbuilding, aerospace, and the automotive industry [3 -12] . The alloy is easily shaped, low in cost [13, 14] , and usually delivered in the hardened state T6. The changes which take place in the mechanical properties and structure during decomposition of the supersaturated solid solution in Al -Mg -Si -(Cu) alloys were described in [15, 16] and [17 -23] , respectively. The complex nature of the phase transformations in Al -Mg -Si -(Cu) alloys during aging makes it impossible to completely evaluate their effect on the mechanical properties.
The goal of this investigation is to determine the changes in the microstructure, hardness, and mechanical properties of alloy AA6061-T6 with an increase in aging time.
METHODS OF STUDY
Plates of alloy AA6061-T6 with dimensions of 1501 50´10 mm were made in the as-received condition T6. According to data obtained by emission spectroscopy, the alloy had the following chemical composition, wt.%: 0.895 Mg; 0.684 Si; 0.135 Fe; 0.254 Cu; 0.12 Mn; 0.094 Cr; 0.002 Zn; remainder -Al.
Six of the specimens were subjected to solution annealing at 530°C for 4 h and then quenched in ice water. Heating rate was 10°C/min. The temperature in the furnace was maintained to within ± 1°C without the circulation of air or gas inside it. For the sake of comparison, one specimen was studied in the as-received state. The quenching medium was continuously agitated during the quenching operation. Aging was done at 220°C for 0.5 -8 h and was followed by cooling in water.
To perform the microstructural analysis, the surface of the specimens underwent grinding with abrasive papers having a grit rating from 400 to 4000, polishing with diamond paste having particle sizes of 6 and 1 mm, and finish polishing with colloidal silica on polishing cloth. The size of the silica particles was 0.05 mm. The microstructure of the alloy was studied on a Leica optical microscope and a HITACHI S-3400N scanning electron microscope (SEM) with instrumentation for energy-dispersive x-ray spectroscopy. The mechanical tests were preceded by measurement of microhardness under a load of 1 N with a dwell time of 10 sec. The fracture surfaces were examined on the SEM.
Standard specimens for tensile tests were cut out in the transverse direction with respect to the rolling direction. The dimensions of the specimens conformed to the specifications of the standard ASTM E8M 04 [24] . The tests were performed at room temperature on a 100 kN INSTRON testing machine with a maximum force of 100 kN. Crosshead speed was a constant 2.0 mm/min. Figure 1 shows the structure of alloy AA6061-T6 in the original and aged states. The original structure contained many finely dispersed precipitates (Fig. 1a ) . The nonuniform distribution of the precipitates in the matrix was also seen in all of the specimens after aging (Fig. 1b -d ) . The structure contained dark, nearly spherical precipitates and lighter precipitates that were rod-shaped. Figure 2 shows the structure of the specimens that was obtained in back-scattered electrons on the electron microscope. As was the case in the metallographic analysis, the structure contained unevenly distributed precipitates in the matrix. The structural changes were small ( Fig. 2a and b ) during the initial stages of aging (t ag = 0.5 and 1 h). An increase in aging time to 2 h resulted in the appearance of a
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Meysam Toozandehjani et al. large number of precipitates of the reinforcing phase, possibly b² or b¢ (Fig. 2c ) . Figure 3 shows the results obtained from energy-disperse analysis of the precipitates. The figure contains intense peaks corresponding to the presence of Al, Fe, Si, Cr, and Mg in these precipitates. The dark spherical particles (point 1 in Fig. 2c ) contained Mg and Si (according to the data in [11, 25] , these particles also contain magnesium-enriched precipitates of a b² phase that has a nominal composition of Mg 2 Si and are coherent with the matrix). Iron-rich precipitates (point 2 in Fig. 2c ) were also distinguishable in the structure. Figure 2d shows coarse precipitates of an equilibrium b phase formed after 8 h of aging, which corresponds to the beginning of overaging. Figure 4a presents results from determination of hardness after aging at 220°C for different lengths of time. Hardness was 106 HV in the as-received condition. It is apparent that the hardness curve passes through a maximum at t ag = 2 h, which is consistent with the data reported by other authors [26, 27] . The hardness peak is related to the formation of coherent precipitates of b² and b' [26, 27] during aging for 2 h (Fig. 1c and Fig. 2c ) . Figure 4b shows the dependence of yield strength s 0.2 and ultimate strength s u on aging time. Comparison of the data in Fig. 4a and Fig. 4b shows that the dependences of the strength indices and hardness on aging time are similar in character. However, ultimate strength does not change as much as yield strength. Yield strength and ultimate strength are nearly identical at the maximum point.
An increase in aging time is accompanied by a decrease in elongation (Fig. 4c ) . It was determined that d = 16% in the as-received state. Elongation d = 14% at the hardness peak and d = 16.3% in the overaged state. Figure 5 shows the fracture surface of specimens that were in their original state and specimens that were aged to the maximum hardness. The fracture surface of the original specimens corresponds to the ductile mechanism: the presence of dimples and voids (Fig. 5a ) . It was shown in [28] that the presence of shallow dimples is evidence of increased strength.
As the aging process unfolds, the dimples become shallower and cleavage facets appear. This situation corresponds to a mixture of ductile and brittle fracture, as was demonstrated in [29] . It can be seen from Fig. 5b that the fracture surface of the hardest specimen contained relatively large cleavage facets.
CONCLUSIONS
1. Depending on the aging time, at a temperature of 220°C the strength properties of alloy AA6061-T6 change in accordance with a curve that has a maximum, while elongation undergoes a continuous decrease. Fig. 3 . Results of an energy-dispersive analysis of specimens of alloy AA6061-T6 having the maximum hardness (after aging at 220°C for 2 h) at points 1 (a) and 2 (b ) (see Fig. 2c ). 2. Alloy AA6061-T6 reaches its maximum strength after aging at 220°C for 2 h. 
